A new active heat transfer enhancement and control technique is proposed in this work. One of the major aims of the technique is to decrease pool boiling incipience temperature by dynamic morphing imposed to confinement wall. Dynamic deformation generates variation of pressure which increases the fluid metastability level. An experimental device was built to evaluate boiling incipience temperature. Experimental results were compared with hydrodynamic and nucleation models.
Introduction
Cooling needs are constantly growing both in the high-tech industry and in conventional fields. Numerous works have been performed to enhance heat transfer and numerous improvements proposed (Webb, 1994 , for example, has identified 13 of them). These techniques can be classified in two types: passive and active. Passive techniques consist in increasing heat transfer without input of external power. This can be achieved by increasing the exchange surface area and/or by disrupting boundary layers and/or by changing fluid properties. Currently, it is passive techniques of heat transfer enhancement that are mainly used. However, in many configurations, the need to increase heat and mass transfer further involves the input of additional energy to achieve this goal and is becoming more frequently considered. Various solutions have been explored. The most frequently studied are electro-hydrodynamic (EHD) techniques (Laohalertdecha, 2007) , jets (Jambunata, 2009) and spray cooling (Kim, 2007) , and the use of sonic and ultrasonic vibrations (Kim, 2004) . Combining passive and active techniques to reach high compactness is another challenge. In this way, the use of phase change processes in micro-geometries is one of the most promising solutions (Agostini, 2007) . To achieve this, certain obstacles must be overcome. Among them, one major problem in thermal management systems involving boiling is the high temperatures that must be reached to obtain the onset of boiling. One way to avoid this problem is to increase the liquid metastability level by temporarily decreasing the pressure of the liquid. In confined space, dynamic deformation of the surface with low absolute amplitude (but high relative amplitude) may lead to significant changes of the liquid pressure in the channel. So, dynamic morphing imposed on the confinement wall potentially appears as an interesting solution to control the onset of nucleation and thus to obtain boiling incipience at a lower wall temperature. The purpose of the present work is to study the effects of the confinement wall dynamic deformation on pool boiling incipience in a narrow horizontal space. The effect of the deformation frequency is determined experimentally. Simplified models were generated to evaluate pool-boiling incipience versus dynamic deformation parameters. Experimental and theoretical results are discussed and compared.
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Experimental set-up and procedure 2.1 Experimental set-up
An experimental device was designed and built to study pool-boiling incipience induced by dynamic deformation of the confinement wall. A schematic diagram of the experimental device is shown in figure 1.
Experiments were performed using n-pentane at atmospheric pressure (T sat =309K). The pressure was maintained constant during all the experiments. The working fluid was maintained at 308.5K thanks to thermostated water flowing inside the vessel walls. The test section placed inside the vessel is composed of a heated wall and a confinement wall. The heated wall was a 56 mm diameter aluminum cylinder block isolated on its bottom by 4 cm of Teflon (λ = 0.25W.m -1 .K -1 ). A 40 mm diameter electrical resistance was placed 4 mm beneath the top surface of the aluminum cylinder to provide an imposed heat flux. Ten thermocouples located 2 mm beneath the heated surface were used to determine the wall temperature at different locations of the heating surface. The free surface of the liquid pool in the vessel was held at nearly 30 mm above the heated surface. The top surface of the aluminum cylinder was polished in order to obtain a mean ruggedness around 0.1 µm. A 58 mm diameter confinement wall was placed above and parallel to the heating surface. The confinement wall was a 4 mm thick stainless steel plate. The distance between the top of the aluminum cylinder and the confinement plate was adjustable from 50µm to 1mm with an accuracy of 30µm. It was dynamically deformed at its center whereas its periphery was maintained fixed. Significant wall morphing was obtained by using a piezoelectric actuator. The deformation amplitude range was from 0 to 250 µm and the deformation frequency range from 0 to 300Hz. Figure 2 reports schematically the deformation cycle of the confinement wall. A microscope objective with a low field depth fixed on a displacement stage controlled by a micrometer was placed parallel to the stainless steel wall axis. The profile of the static deformation of the confinement wall was then determined with an accuracy of 15µm. This system was also used to evaluate dynamic deformation. Figure 3 reported static deformation of confinement wall: a constant force was applied on the center of confinement plate. Only part of the confinement plate was deformed. Maximum dynamic deformation was assumed to have a similar shape to static deformation. The range of frequencies was chosen to avoid the resonant mode of wall confinement.
The main parameters imposed in the experiments were the thickness of the space between the aluminum cylinder and the confinement plate, and the amplitude and 
Experimental procedure
Before each series of experiments, n-pentane was degassed to extract incondensable gases. The fluid was maintained at 310K for one hour. Simultaneously, intense boiling was imposed at the heated plate for 20 minutes to degas its surface. A condenser open to the atmosphere was placed at the top of the vessel so that the n-pentane condensed while the noncondensable gases were evacuated. This operation was repeated twice. During the experiments, the fluid temperature was maintained slightly below the saturation temperature (at 308.5K) to reduce the occurrence of boiling phenomena other than on the heated surface. The heat flux was increased step by step (figure 4). Steady state was reached nearly 12 minutes after the increase of the heat flux was applied. The pool boiling incipience was detected by the appearance of a decrease of the wall temperature. So, maximum wall temperature prior to the onset of boiling defined the boiling incipience temperature. Figure 4 reports wall superheating in response to a step of heat flux, with and without dynamic deformation. Wall superheat is defined as the difference between maximum wall temperature and saturation temperature at atmospheric pressure: ΔT w,max =T w,max-T sat (p atm )
As the heat losses through the sides of the aluminum cylinder were significant, the spatial distribution of the heat flux is unknown. For these reasons, the ordinate in figure 4 was described by the ratio between the applied heat flux and the critical heat flux. The critical heat flux was evaluated thanks to the work of Stutz (Stutz (2009) ) at 8W/cm 2 at the confined configuration without dynamic deformation. Figure 4 highlights the deformation effect on pool boiling incipience temperature. Without dynamic deformation, pool boiling incipience superheating is about 22K whereas with dynamic deformation (f=100Hz, a 0 =210µm, e=625µm) boiling incipience superheating is dramatically reduced to about 0.2K. This example shows the significant effect of confinement wall dynamic deformation on pool boiling incipience wall superheating. A systematic analysis was performed to determine the effects of the frequency of the deformation on pool boiling incipience.
Experimental results
The parameters of the experiments carried out to determine the frequency effect on boiling incipience were slightly different from those considered in fig. 4 :
• the distance between the top surface of the aluminum cylinder and the confinement plate (e) was 580µm (instead of 625 µm in fig. 4 ); • the maximum amplitude of the deformation (a 0 ) was 210µm; • the range of frequency was 0 (i.e., without actuator) to 100Hz. Each experiment was carried out three times to check reproducibility. Figure 5 reports the frequency effect on pool boiling incipience wall superheating. Diamonds indicate boiling incipience overheating obtained experimentally for each of the working conditions. Squares are the average of the three boiling incipience superheating values obtained for each frequency. The maximum of scattering around the mean value is 3.1K, showing a relatively good reproducibility of the results. Experiments highlight a nearly linear decrease of boiling incipience overheating when the frequency is increased. Many mechanisms may explain such a decrease. One is related to the liquid pressure variation that may change saturation conditions considerably. The increase of the dynamic deformation frequency brings about an increase of liquid pressure oscillation over time. During the time when liquid pressure is reduced, overheating of the liquid is temporarily increased due to a decrease of the saturation temperature. The rise of liquid overheating may be large enough to reach the conditions necessary for the onset of boiling. Then, both boiling and cavitation phenomena have to be considered. For a better understanding of the effect of dynamic deformation on boiling incipience wall superheating, a hydrodynamic model and a nucleation model were designed. These models are described in section 4. 
Theoretical results

Hydrodynamic model
The aim of the hydrodynamic model is to evaluate the pressure oscillation of the liquid when dynamic deformation of the confinement wall is imposed. More particularly, the model must predict the minimum instantaneous value of the liquid pressure. Figure 6 shows the geometric parameters considered. The scale is not respected in this scheme for clarity reasons. The diameter (D) of the confinement plate is much larger than the confinement distance (e). Ω is the volume of fluid contained between the aluminum cylinder and the confinement plate.
Figure 6: Geometric definitions
During experiments, fluid is highly confined (aspect ratio e/D is about 10 -3 ). The maximum amplitude of the deformation (a 0 ) has the same order of magnitude as the confinement distance (e). So, the radius of curvature is high.
As the aspect ratio e/D is high, when the actuator is in operation, streamlines are not very distorted. The problem may thus be assumed to be one-dimensional. Evaluation of the order of magnitude of the different terms in the momentum balance shows that the viscous stresses can be ignored compared to inertia. So, the main assumptions of the model are that flow is radial, the liquid is non-viscous and incompressible, and the physical properties are constant. Furthermore, the deformation of the membrane is assumed to be sinusoidal over time: Figure 7 represents a cross-section in the plane (e x , e y ) of the volume Ω used to define the integration domain and the boundary limits (as well as their numbering). Ω is defined as . S 1 is the flow section at position r. S 2 and S 2 ' are the lateral surfaces of Ω. S 3 is the 3rd Micro and Nano Flows Conference Thessaloniki, Greece, 22-24 August 2011 -5 -confinement plate surface.
Figure 7: Boundaries definition
The mass and momentum equations are written for the domain Ω:
Using equation 1 and assuming that the liquid is incompressible, velocity is expressed as: Equation 2 is projected onto e x axis:
Assuming that , the last term of equation 4 becomes:
K(x) is a parameter representing the three dimensional effects. Assuming the pressure is homogenous along the z axis (due to the high confinement) leads to K(x)=1. The mean value of the square of the velocity appears in the left term of equation (2). We assumed that it is related to the square of the mean velocity by:
Sensitivity analysis validated that ξ has very little influence on the minimum instantaneous pressure. Using the ideal fluid hypothesis, the parameter ξ is assumed to be equal to 1. Finally, the dynamic deformation effect on pressure can be described by the following differential equation:
This hydrodynamic model allows the evaluation of the effects of frequency and amplitude of the deformation, as well as the confinement distance on pressure oscillations. Figure 9 reports minimum liquid pressure as a function of frequency, considering a confinement distance of 580µm and an amplitude of deformation of 210µm. The minimum pressure of the liquid decreases continuously as the frequency increases. In the range of frequencies considered in this paper, the maximum value of the depression (for f=100Hz) is about 130 hPa. This value appears to be non-negligible; it corresponds to a decrease of the saturation temperature of approximately 4.3K. The effect of the reduction of the liquid pressure through the dynamic deformation of the confinement plate may thus play an important role in boiling incipience. To determine if this effect can explain the experimental results, the nucleation process has to be modeled. A simple approach (1)
(3) (4) (5) (6) (7)
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Nucleation model
The nucleation model presented here allows us to evaluate the temperature of a bubble at equilibrium radius r c when the liquid pressure is imposed (Carey, 1992) . It is assumed that when the equilibrium temperature is reached, a fluctuation of temperature (or pressure) implies the onset of boiling. One major hypothesis is that vapor embryos are trapped in wall cavities prior to boiling incipience. Indeed, as the mean roughness of the top surface of the aluminum cylinder is about 0.1 µm, n-pentane vapor may be trapped in nucleation sites. Assuming that the equilibrium radius of the embryos can be estimated by wall cavity characteristic dimensions, and using the Laplace equation, pool boiling incipience overheating is evaluated using the following equation:
T l is determined by imposing p l and using Clapeyron's equation to link p sat and T l , while p v is related to p l by the Laplace equation (taking into account the variations of the latent heat of vaporization and of the surface tension with the temperature). Figure 9 reports the liquid pressure as a function of wall superheating, according to equation (8). Experimental boiling incipience overheating without a confinement wall is consistent with the models choosing r c =0.2µm (ΔT ONB,exp =24.3K, ΔT ONB,th =24.6K). The order of magnitude of the cavity radius is the same of mean roughness (~ 0.1 µm). As expected, wall superheating decreases when the liquid pressure decreases. Nevertheless, the variations are small. For a pressure decrease of 130 hPa, the decrease of wall superheating is only about 2K while the saturation temperature decreases by 4.3K, as previously indicated. The difference in the decrease of wall superheating compared to the saturation temperature may be attributed to the change in the slope of the n-pentane saturation curve. For T~309K (wall superheating ~0K), this slope is dp/dT~3200Pa.K -1 while for T~333K (wall superheating ~24K) it is dp/dT~5400Pa.K -1 . Adding the effect of surface tension variation due to the temperature change, wall superheating decrease falls to 2K. To summarize, the hydrodynamic model allows us to calculate the maximum decrease in the liquid pressure when dynamic deformation is considered (as a function of confinement distance, frequency and amplitude of the deformation). Wall superheating at boiling incipience can be evaluated, in a first approach, by considerations of equilibrium thermodynamics. Merging these two models, boiling incipience can be correlated to the parameters of the dynamic deformation.
(8)
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Comparison of theoretical and experimental results
